Phonons, and in particular surface acoustic wave phonons, have been proposed as a means to coherently couple distant solid-state quantum systems. Individual phonons in a resonant structure can be controlled and detected by superconducting qubits, enabling the coherent generation and measurement of complex stationary phonon states. We report the deterministic emission and capture of itinerant surface acoustic wave phonons, enabling the quantum entanglement of two superconducting qubits. Using a 2-millimeter-long acoustic quantum communication channel, equivalent to a 500-nanosecond delay line, we demonstrate the emission and recapture of a phonon by one superconducting qubit, quantum state transfer between two superconducting qubits with a 67% efficiency, and, by partial transfer of a phonon, generation of an entangled Bell pair with a fidelity of 84%. E lectromagnetic waves, whether at optical or at microwave frequencies, have played a singular role as carriers of quantum information between distant quantum nodes, providing the principal bus for distributed quantum information processing. Several recent experiments have used microwave photons to demonstrate deterministic as well as probabilistic remote entanglement generation between superconducting qubits, with entanglement fidelities in the range of 60 to 95% (1-5). However, for some solid-state quantum systems, such as electrostatically defined quantum dots or electronic spins, the strong interactions with the host material make acoustic vibrations, or phonons, an alternative and potentially superior candidate to photons. In particular, surface-acoustic wave (SAW) (6) phonons have been proposed as a universal medium for coupling remote quantum systems (7, 8) . These phonons also have the potential for efficient conversion between microwave and optical frequencies (9, 10), linking microwave qubits to optical photons. These proposals followed experiments showing the coherent emission and detection of traveling SAW phonons by a superconducting qubit (11, 12) . Traveling SAW phonons have also been used to transfer electrons between quantum dots (13, 14) and couple to nitrogen-vacancy centers (15), as well as drive silicon carbide spins (16). When localized in Fabry-Pérot resonators, standing-wave SAW phonons have been coherently coupled to superconducting qubits (17-21), allowing the ondemand creation, detection, and control of quantum acoustic states (21). Related experiments have demonstrated similar control of localized bulk acoustic phonons (22) (23) (24) .
Phonons, and in particular surface acoustic wave phonons, have been proposed as a means to coherently couple distant solid-state quantum systems. Individual phonons in a resonant structure can be controlled and detected by superconducting qubits, enabling the coherent generation and measurement of complex stationary phonon states. We report the deterministic emission and capture of itinerant surface acoustic wave phonons, enabling the quantum entanglement of two superconducting qubits. Using a 2-millimeter-long acoustic quantum communication channel, equivalent to a 500-nanosecond delay line, we demonstrate the emission and recapture of a phonon by one superconducting qubit, quantum state transfer between two superconducting qubits with a 67% efficiency, and, by partial transfer of a phonon, generation of an entangled Bell pair with a fidelity of 84%. E lectromagnetic waves, whether at optical or at microwave frequencies, have played a singular role as carriers of quantum information between distant quantum nodes, providing the principal bus for distributed quantum information processing. Several recent experiments have used microwave photons to demonstrate deterministic as well as probabilistic remote entanglement generation between superconducting qubits, with entanglement fidelities in the range of 60 to 95% (1) (2) (3) (4) (5) . However, for some solid-state quantum systems, such as electrostatically defined quantum dots or electronic spins, the strong interactions with the host material make acoustic vibrations, or phonons, an alternative and potentially superior candidate to photons. In particular, surface-acoustic wave (SAW) (6) phonons have been proposed as a universal medium for coupling remote quantum systems (7, 8) . These phonons also have the potential for efficient conversion between microwave and optical frequencies (9, 10), linking microwave qubits to optical photons. These proposals followed experiments showing the coherent emission and detection of traveling SAW phonons by a superconducting qubit (11, 12) . Traveling SAW phonons have also been used to transfer electrons between quantum dots (13, 14) and couple to nitrogen-vacancy centers (15) , as well as drive silicon carbide spins (16) . When localized in Fabry-Pérot resonators, standing-wave SAW phonons have been coherently coupled to superconducting qubits (17) (18) (19) (20) (21) , allowing the ondemand creation, detection, and control of quantum acoustic states (21) . Related experiments have demonstrated similar control of localized bulk acoustic phonons (22) (23) (24) .
Here we report the use of itinerant SAW phonons to realize the coherent transfer of quantum states between two superconducting qubits. We show that a single superconducting qubit can launch an itinerant phonon into a SAW resonator when operating near the strong multimode coupling regime where the coupling between the qubit and one Fabry-Pérot mode exceeds the resonator free spectral range. This allows the phonon to be completely injected into the acoustic channel before any reexcitation of the emitting qubit. Using techniques developed for microwave photon transfer (5, 25) , the emitting qubit can recapture the phonon at a later time, with a 67% efficiency. Using the same acoustic channel, twoqubit quantum-state transfer is performed as well as remote qubit entanglement with a fidelity exceeding 80%.
The acoustic part of the device is a SAW resonator ( Fig. 1) , with an effective Fabry-Pérot mirror spacing of 2 mm, corresponding to a single-pass itinerant phonon travel time of about 0.5 ms. The resonator is coupled to two frequencytunable superconducting Xmon qubits (26), Q 1 and Q 2 ; their coupling is electrically controlled using two tunable couplers, G 1 and G 2 (27) . The tunable couplers, the qubits, and their respective control and readout lines are fabricated on a sapphire substrate, whereas the SAW resonator is fabricated on a separate lithium niobate substrate. The qubits have native relaxation times T 1;int of 22 and 26 ms and coherence times T 2;Ramsey of 2.1 and 0.6 ms.
The SAW resonator is defined by two acoustic mirrors, which are arrays of 30-nm-thick alumi-num lines, spaced by 0.5 mm, with 400 lines in each array, defining two Bragg mirrors on each side of the central acoustic emitter-receiver. The acoustic emitter is an interdigitated transducer (IDT), comprising forty 30-nm-thick lines with alternate lines connected to a common electrical port. An electrical pulse applied to the IDT results in two symmetric SAW pulses traveling in opposite directions, reflecting off the mirrors, and completing a round trip in a time t = 508 ns (28) . The mirrors support a 125-MHz-wide stop band, centered at 3.97 GHz, localizing about 60 Fabry-Pérot standing modes with a free spectral range n FSR ¼ 1=t ¼ 1:97 MHz . Each port of the IDT is inductively grounded, with each inductor forming a mutual inductance through free space with a similarly grounded inductance in the couplers G 1 and G 2 on the sapphire chip. The coupled inductors are precisely aligned to one another in a flip-chip assembly (21, 29) . Each coupler comprises a p inductive network, with a Josephson junction bridging two fixed inductors to ground, one of the fixed inductors coupled to one port of the SAW transducer and the other contributing to the qubit inductance. A flux line controls the phased i across the coupling Josephson junction, thus controlling its effective inductance and the qubit-IDT coupling. Each coupler can be switched from maximum coupling to off in a few nanoseconds (27) , isolating the qubits (21) .
The qubits' controlled coupling to the IDT enables the time domain-shaped emission of itinerant phonons into the resonator (21) . We characterize this emission by exciting the qubit and then monitoring its excited-state population ( Fig. 1E) , with the excited state decaying as a result of phonon emission. As expected, the frequency dependence of the decay rate closely follows the frequency response of the IDT's electrical admittance [see (21, 28) ]. When near maximum admittance, the qubit relaxes in T 1 < 15 ns, a value roughly 3% of the phonon's resonator transit time t and less than 0.1% of the qubit's intrinsic relaxation time T 1;int . The relaxation rate of the qubit also sets the extent of the emitted phonon wave packet: The phonon can truly be considered as an itinerant excitation, with each oppositely traveling packet having a spatial extent of about 60 mm, compared with the 2-mm length of the resonator. For phonon frequencies within the mirror stop band, the emitted itinerant phonon is strongly reflected by the mirrors and can reexcite the qubit at integer multiples of the phonon transit time t ¼ nt (Fig.  1E ). The transit time is unusually long for superconducting qubit experiments: The equivalent microwave cable length would be~100 m, much larger than the typical~1-m connections used for quantum communication experiments (1) (2) (3) (4) (5) . We fix the qubits' operating frequencies to w Q;i =2p ¼ 3:95GHz, well within the mirror stop band.
We first explore the emission and recapture of phonons by one qubit. The highest efficiencies are achieved by controlling the qubit-acoustic channel coupling rates k i so as to match the phonon envelope during the emission and capture of the phonon (1-3, 5, 25). Each qubit's coupling rate k i is controlled by the coupler G i and is calibrated by measuring the qubit energy decay rate T À1 1 ¼ k i þ T À1 1;int as a function of the coupler flux bias and then subtracting the contribution from the intrinsic qubit lifetime T 1;int (Fig. 1F) . At maximum coupling, we measure 1=k 1 ¼ 7:6ns and 1=k 2 ¼ 10:6 ns, the difference being due to a 5% mismatch in the couplers' Josephson junction inductances. At this maximum point, the qubit couplings g i to an individual Fabry-Pérot mode are g 1 =2p ¼ 2:57 T 0:1MHz and g 2 =2p ¼ 2:16 T 0:1 MHz (28). The system is thus at the threshold of "strong" multimode coupling (18, 28) , where the coupling rate g i is larger than the free spectral range of the resonator, the qubit linewidth, and the SAW energy decay rate [respectively,n FSR ¼ 1:97 MHz,1=T 2;Ramsey ¼ 2p Â 76 kHz, and 1=T 1;SAW e 2pÂ 133 kHz (28) ].
We demonstrate a one-qubit single-phonon "ping-pong" experiment using qubit Q 1 (Fig. 2) . With G 2 off, we apply calibrated control pulses to G 1 and Q 1 to obtain a symmetric phonon envelope of characteristic bandwidth 1=k c ¼ 10 ns, and monitor Q 1 's excited-state population P e (Fig.  2A) . The emission takes about 150 ns, after which P e remains near zero during the phonon transit.
After~0.5 ms, the phonon returns and is recaptured, with P e increasing and leveling off for times t > t f ¼ 0:65 ms. The capture efficiency is h ¼ P e ðt f Þ=P e ðt ¼ 0Þ ¼ 0:67 T 0:01.
Successive transits show a geometric decrease in capture efficiency, h n ¼ h n with transit number n (Fig. 2B) . We attribute the decrease to losses in the acoustic channel. An independent measurement yields a Fabry-Pérot mode energy decay rate T 1;SAW ¼ 1:2 ms (28), close to similar resonators in the literature (17, 18) . This sets an upper limit h ≲e Àt=T1;SAW ≈ 0:65 (28) Quantum process tomography of the onequbit release-and-catch operation is performed by preparing four independent qubit states and reconstructing the process matrix c at time t f (Fig. 2C) , yielding a process fidelity F 1 ¼ Trðc Á c ideal Þ ¼ 0:83 T 0:002. A master equation simulation, taking into account an acoustic channel loss of h ¼ 0:67 and the finite qubit coher-ence T 2R ¼ 2:1ms, yields a process matrix whose trace distance to c is ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi Tr½ðc À c sim Þ 2 q ¼ 0:07.
To demonstrate the interferometric nature of the one-qubit phonon emission and capture ( Fig. 3) , we prepare Q 1 in jei, emit a half-phonon, and then capture it with Q 1 after one transit. As capture is the time reversal of emission, it would seem that the photonic half-excitation left in Q 1 would be emitted during the capture process. Depending on the relative phase Df between the stored half-photon and the reflected half-phonon, the two half-quanta will interfere destructively or constructively, giving results ranging from reexcitation of the qubit to total emission. When Df ¼ p, the reflected half-phonon interferes constructively with the emitted half-photon stored in Q 1 , and all the energy is transferred to the SAW resonator, but when Df ¼ 0, destructive interference results in qubit reexcitation. Figure 3A shows the qubit population for Df ¼ 0 and Df ¼ p, with the final population P e ðt f Þ reaching 0.77 and 0.08, respectively. Figure 3B shows that the final qubit population oscillates as expected between these two limiting values as a function of Df. A simulation including channel loss and qubit dephasing accounts partially for the reduction in interferometric amplitudes, with the remaining mismatch being attributed to control-pulse imperfections (28) .
We can use the acoustic communication channel to transfer quantum states as well as generate remote entanglement between the two qubits. In Fig.  4A , we demonstrate a quantum swap between Q 1 and Q 2 . As the phonon transit time is substantially larger than the phonon temporal extent, up to three itinerant phonons can be stored sequentially in the SAW resonator. Thus, a double swap can be performed by having each qubit successively emit an excitation and then, at a later time, capture the phonon emitted by the other qubit. This process has a fidelity F 2 ¼ 0:63T 0:01 (28) , in agreement with the one-qubit state transfer fidelity F 2 e F 2 1 and with infidelity dominated by acoustic losses.
We also use the acoustic channel to share half of an itinerant phonon, generating remote entanglement between Q 1 and Q 2 . We first prepare Q 1 in jei and then apply a calibrated pulse to coupler G 1 to release half of Q 1 's excitation to the acoustic channel. This half-phonon is then captured, after one transit, by Q 2 , by using the pulse sequence shown in Fig. 4B , creating a Bell state jYi ¼ ðjegi þ e ia j geiÞ= ffiffi ffi 2 p , the phase a resulting from the relative detunings of the qubits during the sequence. The excited-state population of each qubit is shown as a function of time in Fig. 4B , and the Pauli matrices and reconstructed density matrix r, at time t = 0.65 ms, are shown in Fig. 4 , C and D. We find a state fidelity, referenced to the ideal Bell state, of F B ¼ Trðr Á r jYi Þ ¼ 0:84 T 0:01 and a concurrence C ¼ 0:61T 0:04. A master equation simulation yields a density matrix r sim , which has a small trace distance ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi Tr½ðr À r sim Þ 2 p ¼ 0:06 to r, with errors dominated by acoustic losses.
These results comprise clear and compelling demonstrations of the controlled release and capture of itinerant phonons into a confined Fabry-Pérot resonator and are limited primarily by acoustic losses. As the phonons have a spatial extent much smaller than the resonator length, the emission and capture processes are "blind" to the length of the resonator, so the same processes would work in a nonresonant acoustic device. We demonstrate that these processes can generate fidelity entanglement between two qubits . In (A) to (D), dashed lines are simulation results including a finite transfer efficiency and qubit imperfections (28) .
that is quite high. These results constitute a step toward realizing fundamental quantum communication protocols (30, 31) with phonons.
